The demand for clean and sustainable energy has spurred research in all forms of renewable energy sources, including solar energy from photovoltaic systems. Grid-connected photovoltaic systems (GCPS) provide an effective solution to integrate solar energy into the existing grid. A key component of the GCPS is the inverter. The inverter can have a significant impact on the overall performance of the GCPS, including maximum power point (MPP) tracking, total harmonic distortion (THD), and efficiency. Multilevel inverters are one of the most promising classes of converters that offer a low THD. In this paper, we propose a new multilevel inverter topology with the motivation to improve all the three aforementioned aspects of performance. The proposed topology is controlled through direct model predictive control (DMPC), which is state of the art in control techniques. We compare the performance of the proposed topology with the topologies reported in literature. The proposed topology offers one of the best efficiency, MPP tracking, and voltage THD.
Introduction
At present, one of the key research areas in renewable energy are grid-connected photovoltaic systems (GCPS). The cost reduction of photovoltaic (PV) panels, environmental benefits, increased demand of energy, integration with existing grid, and advances in power electronics are some of the reasons for the focus on GCPS [1] . In a GCPS, the key performance criteria are conversion efficiency, maximum power point (MPP) tracking, and total harmonic distortion (THD) of the power injected into the grid. All these performance criteria are highly dependent on the choice of the inverter topology and the control technique utilized for the inverter.
In the literature, several topologies of inverters have been reported that can be used in a GCPS [2] . Multilevel inverters (MLIs) are one of the most promising classes of converters. As the name suggests, MLIs have a higher number of output voltage levels as compared to the two/three levels in traditional inverters. Due to higher output voltage levels, a main advantage of MLIs is the staircase-like output waveform, which resembles a sinusoid more closely than the traditional inverters. Therefore, MLIs offer a significantly lower THD [3] . Another advantage of MLIs pertinent to GCPS is that they can include multiple PV panels as an input. There are three main subclasses of multilevel inverters: (1) cascaded H-bridge (CHB), (2) diode clamped, and (3) flying capacitor [4] . The most common subclass is the CHB due to its modular structure, absence of energy storing elements, and the ability to isolate faults [5] [6] [7] [8] . Practical multilevel inverters have typically five or more output voltage levels. Seven-level converters are most widely used as they offer a reasonable trade-off between performance and complexity. Therefore, in this paper, we have focused on seven-level inverters.
There are different variants of the CHB topology that are being employed in GCPS. The basic CHB topology [7, 8] provides excellent THD and MPP tracking due to the reason that each PV panel could be connected independently. However, it has a large number of semiconductor switches that increase the overall cost of the converter. The topology presented in [9] for a GCPS has decreased the number of switches as a trade-off to lower performance in terms of THD and MPPT tracking [10] . Another topology, called the novel H-bridge, was presented in [3, 11] . The novel H-bridge further reduced the number of switches. However, GCPS based on the topology in [9] and novel H-bridge has a drastically poor performance in MPP tracking when compared to GCPS based on the basic CHB topology. In this paper, we propose a new topology that is inspired from the novel H-bridge [3, 11] and an existing MLI structure in the literature [12] . The new topology has a lower number of switches than the basic CHB. Moreover, like basic CHB, the proposed topology also allows independent MPP tracking of each PV module, thereby giving a comparable performance to basic CHB in terms of MPP tracking.
As mentioned earlier, the employed control technique is the second key design component that affects the performance of a GCPS. Classical control schemes, such as PID, with a variety of modulation methods and compensations, have been used in CHB MLI-based GCPS [8] . A main drawback of classical control schemes is the large transient time and slow response [13] . Direct model predictive control (DMPC) is an emerging control scheme that is being used in power electronic converters. The distinguishing feature of DMPC is that the switches are controlled directly without a demodulator, as in PWM control. Advantages of DMPC include handling of plant nonlinearities, multiple control goals, explicit incorporation of constraints on inputs/states, and optimal control action. For most of the converters, DMPC has been shown to exhibit fast transient response, improved efficiency, and better overall control performance as compared to classical control schemes [14, 15] .
In this paper, we have used DMPC for the control of the proposed topology and the GCPS. The key idea is to benefit from both the advantages of proposed MLI and DMPC to have an overall improved performance of the GCPS. To compare like with like, we collate our work with DMPC of GCPS based on three existing topologies mentioned earlier.
In Section 2, we propose a new multilevel inverter topology, describe its application in GCPS, and derive its mathematical model. In Section 3 of the paper, the proposed control scheme is explained in detail. The simulation results and comparison with existing work are given in Section 4 to show that the proposed MLI exhibits better performance than the three other recent converters. Finally, the conclusion is stated in Section 5.
Proposed Multilevel Inverter Topology
The circuit of the proposed MLI topology is shown in Figure 1 . The converter has ten current bidirectional semiconductor switches labeled Sl1, Sl2, Sr1, Sr2, Sa, Sb, Sx1, Sx2, Sy1, and S y2. The converter can have three input sources. For a GCPS, the sources are PV panels. Therefore, the input voltages are labeled v pv1 , v pv2 , and v pv3 . The part of the converter comprising of switches Sx1, Sx2, Sy1, and Sy2 is motivated from the structure presented in [12] . The remaining part of the converter is inspired from the novel H-bridge [3, 11] .
The switch pair Sl1, Sl2 is complementary, that is, if one of the switches in the pair is off, and then, the other must be on. Similarly, the switch pairs Sr1, Sr2 , Sa, Sb , Sx1, Sx2 , and Sy1, Sy2 are complementary. The four switches Sl1, Sl2, Sr1, and Sr2 constitute an H-bridge that allows inversion. The switches Sa and Sb allow selection of voltages on the right leg of the H-bridge, which enables multiple voltage levels at the output. The switches Sx1, S x2 and Sy1, Sy2 allow inclusion/exclusion of sources v pv2 and v pv3 , respectively.
In the proposed topology, there are a total of 32 possible switching combinations. However, excluding the redundant combinations, only 15 combinations are used in operation. The 15 switching combinations and corresponding output voltages are shown in Table 1 . In the table, 0 and 1 represent the off and on position of the switches, respectively. If the magnitude of all the voltage sources is kept equal, the proposed topology is able to generate seven-voltage levels. In 
A main aspect of the proposed topology is that all the three input sources can be independently included/excluded in the output voltage. This feature is similar to the basic CHB topology, which is beneficial for independent MPP tracking of the PV panels.
Our main focus in this paper is on the use of the proposed topology in a grid-connected photovoltaic system (GCPS). The GCPS based on the proposed topology is shown in Figure 1 . The GCPS consists of the proposed converter, PV panel modules, DC-link capacitors, low-pass filter, and the grid. A simple passive low-pass inductor filter L f is used at the grid side to suppress the high-frequency harmonics. The resistance R f is the equivalent series resistance of the inductor. For safety purposes, a transformer may be inserted at the grid side for isolation.
Modeling of the Proposed GCPS.
The states in the proposed system are the DC-link capacitor voltages and grid/inductor current. The equation for the current can be found by applying Kirchhoff's voltage law (KVL) at the output port of the proposed system in Figure 1 . The equation is as follows:
where v out is the output voltage of the MLI, v g is the grid voltage, and i g is the grid/inductor current. Discretization of the above equation by Euler's forward method yields the prediction equation for the grid current, which is
where i g k and i g k + 1 are the values of grid current at time instant k and k + 1, and T s is the sampling time.
The equations for the DC-link voltages v pv1 , v pv2 , and v pv3 can be derived by applying Kirchhoff's current law (KCL) at the nodes of DC-links. The equations are given below:
Discretization of the above equations yields
where v pv1 k is the DC-link 1 voltage, v pv2 k is the DC-link 2 voltage, v pv3 k is the DC-link 3 voltage, i pv1 k is the 
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Proposed Control Scheme
In this section, we describe the proposed control scheme for our GCPS. The control scheme is depicted in Figure 2 . It consists of three main stages: (1) MPP reference generation, (2) PI-based DC-link voltage control, and (3) direct model predictive control of injected grid current. The initial two stages of the proposed scheme are standard in PV systems [7, 10] . However, the third stage of the control is based on the state-of-the-art direct model predictive control [14] . We will briefly describe the first two stages before a detailed explanation of the third stage.
The first stage generates the set point/reference to be used in stages 2 and 3. The first stage calculates the MPP reference values for the DC-link voltages v * pv1 , v * pv2 , and v * pv3 and power P * 1 , P * 2 , and P * 3 for all the three PV panel modules. The reference values for MPP can change with the atmospheric conditions such as irradiance and temperature [16] . Therefore, the reference values need to be updated regularly.
The purpose of the second stage is to generate a reference grid current for the third stage. The reference grid current mainly depends on the total reference power calculated in stage 1 [7] . However, if the DC-link voltages are not at MPP, then the reference grid current has to be adjusted accordingly. The second stage uses a linear PI controller for this purpose that adjusts the reference peak value of the grid currentî g in accordance with the difference between reference and actual values of DC-link voltage. The peak value of the reference grid current is calculated asî g = P * total /v g * 2. The adjusted peak value of the reference grid current, denoted aŝ i ga in Figure 2 , is calculated by addingî g to the output of PI controller. Finally, the instantaneous reference i * ref of the grid current is calculated based on the adjusted peak referenceî ga and PLL.
The third stage is the DMPC of injected grid current which manipulates the semiconductor switches of the proposed multilevel inverter. The reference for the DMPC is i * ref . DMPC makes use of the discrete time model of the converter to calculate the optimal switching position among all the possible switching positions such that the reference tracking of grid current is ensured.
In DMPC, a cost function is minimized at each sampling instant k to select the optimal switching combination. We have used the following cost function
where i * ref is the reference for grid current, i g k + 1 is the actual grid current, v * pv,l for l = 1, 2, 3 is the reference MPP voltage for each PV panel, v pv,l k + 1 for l = 1, 2, 3 is the actual voltage of each PV panel, n is the total number of input sources, and λ v is the weighting factor. The cost function includes two terms. The first term penalizes the deviation of the actual current from the reference, which is the primary control objective of the third stage. The second term helps to regulate the DC-link voltages to their references. The weighting factor λ v is used to specify the weightage of the second term in relevance to the first term. Figure 3 depicts the flowchart of the DMPC algorithm. First of all, the controlled variables are measured, which are the grid current and DC-link voltages. The reference values of controlled variables are also taken from the first and second stages. It is also assumed that the best known cost g opt is a very large number. The algorithm has to find the switching combination that gives the lowest cost among all the fifteen switching combinations that are listed in Table 1 . 
The basic controller diagram. 4 International Journal of Photoenergy For each switching combination, the output voltage of the MLI (v out ) is found by using Table 1 . The grid current and DC-link voltages are predicted using the converter model (2) and (4). The cost (5) is calculated for the switching combination. If the cost is less than the optimal cost known so far, then the optimal cost g opt and optimal switching sequence index j opt are updated. At the end of the algorithm, the optimal switching combination is applied to the switches of the proposed multilevel inverter.
Simulation Results
A GCPS based on the proposed multilevel inverter and the proposed control scheme has been simulated in MATLAB Simulink. The PV panel module "Sharp ND-208U2" has been used as the source at all the three input ports of the converter. The rated maximum power of "Sharp ND-208U2" PV panel module is 208.05 Watts. The value of DC-link capacitors is kept at 15 mF. An inductor of 3 mH is used as filter.
The ESR of the inductor is 0 2 Ω. Other parameters used in the simulation are specified in Table 2 .
To evaluate the performance of the proposed converter, we have compared it with the simulation of three other converters. We have compared our proposed system to GCPS with DMPC based on (1) CHB [7] , (2) topology in [9] , and (3) novel H-bridge [11] . For each system, we obtained the simulation results for four different scenarios. In scenario 1, all the PV modules are working at 1000 W/m 2 irradiance and 25°C temperature. Scenario 1 is simulated for the first 0.4 seconds of the simulation. In scenario 2, which is from 0.4 s to 0.8 s of simulation time, solar irradiance of the module PV1 is changed from 1000 to 600 W/m 2 , whereas in scenario 3, which is from 0.8 s to 1.2 s of simulation time, the solar irradiance of the module PV2 is changed from 1000 to 600 W/m 2 . For the 4th scenario, the temperature of the module PV2 is changed from 25 to 35°C. Scenario 4 is from 1.2 s to 1.6 s of the simulation time.
The results of the comparison are given in Table 3 . The comparison enlists the THD of grid current, THD of MLI output voltage, efficiency of the converter, and the number of semiconductor switches. Moreover, for each of the aforementioned four scenarios, the comparison table also shows the amount of power harvested from the panels.
The power extraction of the proposed converter is better than both the topology in [9] and the novel H-bridge. The power extraction is comparable to CHB. It is due to the reason that both the proposed converter and CHB can independently track the MPP of each PV panel module. In terms of efficiency, the proposed system fares much better than CHB and the topology in [9] . The efficiency of the proposed converter is comparable to novel H-bridge. The proposed converter offers the lowest THD in output voltage. The only performance criterion in which the proposed converter is outperformed by the others is the current THD. However, it is well within the acceptable limit of 5% in the standards [17] . Considering all the results in the table, the proposed converter arguably offers the best overall performance.
To provide a detailed analysis of the converter, Figure 4 illustrates the reference MPP DC-link voltage, actual DClink voltages, reference MPP power, and the actual power extracted for each PV module. It can be seen that the proposed converter along with the proposed DMPC is able Measure-controlled variables and their references using MPPT i g , v pv1 , v pv2 , v pv3
Initialize g opt with a large value for j = 1:15 v out (j) from Table 1 Calculate g using (5)
Apply S (j opt ) j = 15?
using (2), (4a), (4b), and (4c) Figure 3 : Flow diagram of the proposed control scheme. Figure 5 . The novel H-bridge has two input ports. In the figure, we see that the reference tracking of novel H-bridge-based GCPS maintains a constant error. Moreover, the effect of changes in atmospheric 
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DMPC and basic CHB-based GCPS [7] DMPC and topology in [9] based on GCPS [10] Novel H-bridge and DMPC-based GCPS The reference grid current tracking of the proposed converter is shown in Figure 6 (a). The figure is zoomed around 0.8 s. At t = 0 8 s, the reference grid current changes due to the change in reference power. However, the controller is able to quickly track the reference. The combined waveform of grid voltage and current is shown in Figure 6 (b), which has no phase difference between them despite of changes in atmospheric conditions. The seven-level output voltage waveform of proposed MLI is shown in Figure 6 (c).
4.1. Proposed System with PV Panels in String Formation. A common configuration of PV panels is the string formation [2] . In this section, we provide the simulation results of the proposed system with two series-connected PV modules (PV string) at each input port. The system is simulated for three different scenarios, and the results are shown in Figure 7 . At the converter startup, all the PV strings, and their constituting PV panel modules, are operating at 1000 W/m 2 irradiance and 25°C temperature. The system achieves steady state in around 0.2 s. At t = 0 4 s, the irradiance of the first PV panel module of the PV string 1 is changed from 1000 W/m 2 to 800 W/m 2 , whereas, at t = 0 8 s, the irradiance of the second PV panel module of PV string 1 is changed from 1000 W/m 2 to 600 W/m 2 , while keeping the irradiance of first PV module at 800 W/m 2 . As seen in Figure 7 , at both of the above changes in irradiance, the proposed system is able to accurately track the MPP of PV string 1. Moreover, there is no impact on the MPP tracking of PV strings 2 and 3.
Conclusion
In this paper, we present a new multilevel inverter topology targeted for the application of grid-connected photovoltaic systems (GCPS). A GCPS based on the proposed converter and controlled via proposed DPMC is simulated. The proposed system is compared with GCPS with DMPC based on three other state-of-the-art topologies reported in the literature. The proposed converter is shown to be one of the best in terms of efficiency, power extraction, and voltage THD. The simulation results allow us to conclude that the 
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